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Tuesday, February 10, 2014 379adinucleotide (FAD), has five redox states. Conversions between these redox
states involve intraprotein electron transfer and proton transfer, which play
important role in protein function. We systematically studied proton transfer
in E. coli photolyase in vitro by site-directed mutagenesis and steady-state
UV-visible spectroscopy, and proposed the proton channel in photolyase for
the first time. We found that in the mutant N378C/E363L, proton channel
was completely eliminated when DNA substrate was bound to the protein. Pro-
ton is suggested to be transported from protein surface to FAD by two path-
ways: the proton relay pathway through E363 and surface water to N378 and
then to FAD; and the proton diffusion pathway through the substrate binding
pocket. In addition, reaction kinetics of conversions between the redox states
was then solved and redox potentials of the redox states were determined.
These results described a complete picture of FAD redox changes in E. coli
photolyase, which are fundamental to the functions of all flavoenzymes.
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Ras is a lipid-modified GTPase that acts as a molecular switch by cycling be-
tween active and inactive conformational states and is involved in a plethora of
cell signaling pathways. Somatic mutations in Ras are associated with a variety
of cancers and are found in ~15% of human tumors such as pancreatic, colo-
rectal, lung, breast cancer to name a few. Of the three major human Ras iso-
forms H-, N- and K-Ras, cancers associated with mutant K-Ras are the most
lethal. Characterization and targeting of hot-spot residues required for the
dynamic assembly of Ras on the plasma membrane could be of therapeutic
relevance and may yield isoform-specific drugs. To this end, we performed
microsecond-level atomistic molecular dynamics (MD) simulations of full-
length, oncogenic K-Ras monomers bound to a heterogeneous membrane.
We also carried out extensive protein-protein docking combined with all-
atom MD to determine the homo-dimeric interface of the protein. MD-
derived populations from the monomer simulations reveal K-Ras residues
interacting directly with the membrane, predominantly in two different modes.
Different docking approaches resulted in the identification of several dimer
models. In silico mutagenesis and MD-optimization of these models in mem-
brane revealed hot-spot residues that likely form the dimer interface. We will
discuss these results in terms of their potential usefulness for anti-cancer
drug design.
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Allosteric modulators that regulate the activity of the orthosteric ligands are
emerging as cutting-edge strategies in drug design. Unlike orthosteric ligands,
allosteric modulators bind to topographically distinct domains from those
utilized by orthosteric ligands. Allosteric modulators offer unique therapeutic
advantages such as high selectivity thereby causing reduced side effects. How-
ever, allosteric pockets are difficult to find since they are often formed tran-
siently during the protein dynamics and hence could be absent in the crystal
structures. This poses a challenge in designing allosteric modulators using
structure based drug design methods that rely solely on crystal structures or
homology models. Moreover not all transient pockets are suitable for allosteric
modulation, since the allosteric pocket must communicate with the orthosteric
site for functional modulation. Thus there is a dire need for novel techniques
that utilize information from protein dynamics to detect allosteric sites for
drug design. We present here a comprehensive method for designing allosteric
modulators using protein dynamics trajectories or NMR data. We have devel-
oped a method, VoidVol, to identify transient binding cavities during protein
dynamics. Next, using mutual information calculated from the dynamics tra-
jectories, we map the allosteric pipelines communicating with the orthosteric
site. The transient pockets having strong allosteric communication with the
orthosteric site can be used for screening allosteric modulators. These sites
can be further tested for druggability using the program FindBindSite, also
developed in our laboratory. The resulting druggable sites can then be used
for high-throughput screening of small-molecule database. We have validated
this approach using several kinases and GPCRs with known allosteric modu-
lators. The above methodology demonstrates how molecular dynamics can be
useful for allosteric drug design. Our method is applicable to any water-
soluble or membrane protein with an available crystal structure or homology
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Improvements in sampling on the events leading to transitions can provide sig-
nificant insights into what drives biomolecular change. We present additions to
our Molecular Marshal (M2) software framework for the adaptive sampling of
biomolecular transitions. As an example, we work with the transitions seen in
BPTI from DEShaw Research (Science, 2010) using their long-running 1 ms
trajectory as the basis for states and transitions analyzed from the Anton pro-
duction trajectory. Our algorithm works by resampling snapshot conformations
known to be right before transition events, creating an ensemble set of transi-
tions preconditioned on sampling in the space near to the transitions. This en-
ables us to explore the reduced degrees of freedom that drive the transitions and
to examine the statistical foundations of the description for state transitions in
BPTI. To achieve these goals we use an adaptive framework for resampling
built around a parallel relational database system and with scripts controlling
molecular dynamics codes running on XSEDE sponsored national supercom-
puters. In addition to BPTI, we will show results that start from other trajec-
tories defined from peptides and from other long-running protein simulations.
Our scripts for the initial analysis and the resampling thus readily generalize
to both long and short trajectory runs and can be used to increase sampling
on a broad range of transition events.
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Proteins are not static structures, but undergo dynamical variations at room
temperature that can lead to changes in the number and strength of different
non-covalent interactions. The negatively charged (Asp/Glu) and aromatic
(Phe/Trp/Tyr) amino acid groups in proteins can form anion/pi interactions,
that have been shown to have a distance and angle dependency. This study
characterizes the dynamic stability of these interactions in RmlC (PDB-
1EP0), a homodimeric epimerase showing a cluster of six anion/pi pairs in
crystal structure, as a function of time using Molecular Dynamics (MD) simu-
lations. The dynamic variations found in these interactions correspond to a
potential of mean force (PMF) that exhibits a relatively wide range of distances
(~4.5 to~8.5A˚) and angles (0 to~45deg) sampled by these anion/pi pairs. The
corresponding PMF indicates an associated free energy change that can be
more stabilizing (up to5kcal/mol) than the ab initio-calculated interaction en-
ergy for the pairs in the crystal structure (2.2kcal/mol). Possible anion/pi pairs
and triplets (anion/anion/pi or anion/pi/pi) not seen in the crystal structure are
also observed in other conformations sampled by the protein- both at the dimer
interface and active site of the protein, forming an extensive network of anion/
pi interactions covering most of the protein structure. Initial site-directed muta-
genesis (SDM) experiments targeting one of these pairs, Asp84-Phe112, show
that the single Phe/Met mutation decreases the stability of the protein compared
to the wild type. Together these results suggest that anion-pi interactions can
play an important role in maintaining both the structural stability and function
of the proteins.
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With the ability to perform all-atoms Molecular Dynamics (MD) simulations
of complex biological systems on the micro- and even millisecond time-
scales, the need to extract the interesting features of the molecular behavior
inherent in the resulting trajectories has become more pressing. For the large
molecules, short simulations on the order of nanoseconds are often considered
to be metastable and quasi-harmonic, representing small fluctuations around a
380a Tuesday, February 10, 2014single local minimum in the free energy landscape; longer simulations, on the
order of microseconds, must be treated as non-equilibrium trajectories, as they
often include large, anharmonic transitions between more than one minima
that can lead to significant changes in the protein topology. Because of their
complexity, these long simulations are generally subjected to extensive,
detailed analysis of many parameters (distances, angles, etc.), often causing
the interesting dynamics to be lost in a sea of minutiae. We present a new
analysis method that can be used to simultaneously identify, visualize, and
compare complex events in MD trajectories of proteins. The statistical
approach uses sliding window principal component analysis (sw-PCA) to
identify collective motions that are large but transient, which is followed by
projection techniques to compare motions between trajectories. We illustrate
the method by analyzing microsecond MD simulations of the bacterial leucine
transporter LeuT in complex with the substrates leucine, valine, and alanine
that have been shown to produce different transport phenotypes. In all three
systems we identified transient, hundred nanosecond time-scale collective mo-
tions in the intracellular domains, and found that these motions were coupled
to different, substrate-specific, conformational changes in the primary sub-
strate site. Our results indicate that the method can be a powerful tool in
the analysis of all-atoms MD simulations as both system size and trajectory
length increase.
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Neuronal calcium sensor (NCS) proteins comprise a family of related proteins
that mediate signal transduction in response to calcium, primarily in neurons.
Neurocalcin delta (NCALD) is a member of this family. Though NCALD, like
other NCS proteins, has 4 EF-hand motifs that could potentially bind calcium,
it has been demonstrated that the first EF hand, EF1, does not bind calcium.
NCALD has been purified from the brain and the retina and is thought to
play critical roles in signaling. However, the details of the calcium-
dependent dynamics remain to be elucidated, despite the availability of its
crystal structure. To probe the calcium-dependent changes, we carried out
both experimental and computational analyses. The experimental investiga-
tions comprised of analyses of local conformational changes through trypto-
phan fluorescence, global conformational changes through mobility on
native gels, and dimerization state through gel filtration chromatography.
The wild-type as well as different mutant versions of the protein were used
in these analyses. Meanwhile, atomistic molecular dynamics (MD) simulations
with the explicit solvent model were performed to explore the structure and dy-
namics of the NCALD monomer with and without Ca2þ ions. In this report, the
joint results are presented to provide evidence to support a major role for EF1
hand (which does not bind calcium) in determining the response of the protein
to calcium.
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A variety of proteins work as molecular machines; their motion is coupled
with the function, hence their mechanical properties are important. In the nu-
cleus, many of them interact with DNA. Their mechanisms to recognize and
bind to specific DNA sequences, and the underlying mechanical properties,
are particularly interesting. To elucidate such mechanisms, we started with a
small example, namely transcription activator-like effector (TALE), and stud-
ied its structural properties by molecular dynamics. TALE is a protein in he-
lical shape. Its crystallographic structures with and without DNA bound
suggest that it shrinks and wraps a double-strand DNA. It consists of 34
amino-acid long repeats; each repeat has a nucleotide recognition site called
RVD, so that the entire repeats can specifically bind to a DNA sequence. It
is widely used for TALE nucleases (TALEN) in gene editing, and some
improved mutants are known. Interestingly, non-RVD mutations, which do
not directly contact with DNA, can enhance the activity of TALEN (e.g. Plat-
inum TALEN by Sakuma et al., Sci. Rep. 2013). Recent coarse-grained studies
showed that TALE is soft and can be stretched much to the direction of the
helical axis (Flechsig, PLOS ONE 2014). These results implies that not only
the DNA binding sites but also structural and mechanical properties of the
rest of the molecule may determine the performance. We investigated suchproperties by all-atom molecular dynamics simulations. TALE without
DNA, starting from the DNA-bound conformation, elongated within nano-
seconds, suggesting that it is strongly compressed when bound to DNA. We
conjectured that structures easy to shrink effectively bind to DNA. Some
non-RVD mutants, including that used in Platinum TALEN, indeed showed
shorter equilibrium distances between RVDs, which must fit the nucleotide
positions. Possible mechanisms of positioning and wrapping around DNA
will be also discussed.
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Proteins are dynamical molecules and their ability to adopt alternative confor-
mations is central to their biological function. Examples include motions that
underlie allosteric regulation or ligand binding, or protein dynamics in enzymes
that can modulate the overall catalytic efficiency. Protein motions can often be
described as an exchange between a dominant, ground state structure and one or
more minor states. The structural and biophysical properties of these transiently
and sparsely populated states are, however, difficult to study, and an atomic-
level description of those states is challenging. In an attempt to determine
how well molecular dynamics simulations can capture slow, conformational
changes in protein molecules we have studied two protein systems which are
known to undergo conformational exchange on the millisecond timescale,
and for which structural information is available for both major and minor
states.
Using enhanced-sampling all-atom, explicit-solvent molecular simulations,
guided by structural information from X-ray crystallography and NMR, we
show that current force fields and sampling methods allow us to sample
experimentally-determined alternative conformations with surprisingly high
accuracy. In particular, we find that we can reversible sample both the ground
state and minor state, at that the simulations capture the structure of the minor
states also. Our simulations enable us to calculate the conformational free
energy between the two states, and comparison with experiments demonstrates
a high accuracy.
Our simulations provide insight into the structural and biophysical properties of
transiently populated minor states, and help reinterpret previous experimental
measurements. Further, our results demonstrate that, at least in the two cases
we have studied, modern simulation methods enable us to examine these other-
wise ‘‘invisible’’ states of proteins and describe their structural, functional and
thermodynamic properties.
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In proteins, functional divergence involves mutations that modify structure
and dynamics. Here, we provide experimental evidence for an evolutionary
mechanism driven solely by long-range dynamic motions without significant
backbone adjustments, catalytic group rearrangements, or changes in subunit
assembly. Crystallographic structures were determined for several recon-
structed ancestral GFP-like proteins, and their chain flexibility was
analyzed using molecular dynamics and perturbation response scanning. The
photoconversion-competent (red) phenotype appears to have arisen from a
common green ancestor by migration of a knob-like anchoring region away
from the active site diagonally across the beta-barrel fold. The mutational sites
appear allosterically coupled to the dampening region, while providing confor-
mational mobility to active site residues via epistasis.
We propose that light-induced chromophore twisting is enhanced in a reverse-
protonated subpopulation, activating internal acid-base chemistry and back-
bone cleavage to provide red color. Photoconversion rate measurements
provide a bell-shaped curve, indicating that the reaction is controlled by the
two apparent pKa values 4.5 (5 0.2) and 7.5 (5 0.2) flanking the chromophore
pKa of 6.3 (5 0.1). We tentatively assign these values to the salt-bridged res-
idues Glu222(211) and His203(193), and suggest that reverse protonation may
enhance light-induced active site remodeling. In combination, the crystallo-
graphic, dynamic and kinetic data support a mechanism that utilizes light to co-
ordinate the transient enhancement of Glu222 proton affinity and His65(63)
alpha-carbon acidity, suggesting a concerted process of proton abstraction
and main-chain bond scission. Dynamics-driven hinge migration may represent
